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Abstract

Two precast shear walls connected by sleeve and high-strength threaded rod connectors and a precast shear wall connected
by grouting sleeves were tested under cyclic loading. The results show that, compared with the precast shear wall
connected by the grouting sleeve, the ductility of the new type of shear wall increased by 16.7%, the energy dissipation
capacity decreased by 3%, and the bearing capacity and stiffness degradation ability were similar. A finite element
parameter analysis was conducted, studying the effects of the axial compression ratio and shear span ratio on the per-
formance of the new type of precast shear wall. The results show that as the axial compression ratio increased from 0.1 to
0.3, the bearing capacity increased by 21.8%, and the peak load displacement decreased by 36.1%. As the shear span ratio
increased from 1.09 to 1.82, the failure mode of the specimen showed a trend of changing from shear-compression failure
to bending failure. In addition, based on the experimental results and simulation results, a calculation formula for the lateral
bearing capacity of shear walls has been proposed, providing a basis for the design of new types of shear walls.

Keywords Precast shear wall - Sleeve and threaded rod connectors - Finite element parametric analysis - Seismic
performance
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In the prefabricated structural system, the prefabricated
shear wall offers significant advantages in terms of lateral
stiffness and load-bearing capacity [3], which makes the
prefabricated shear wall become the focus of many schol-
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and earthquakes together. Therefore, the performance of
the joints determines the overall performance of the
building structure to a certain extent [5]. Numerous
scholars have conducted extensive research on the con-
nections of prefabricated shear walls [6, 7].

At present, the connection methods of prefabricated
shear walls are increasing, forming a connection system
including wet joints and dry joints. The wet joint of pre-
fabricated shear walls includes grout anchor connection,
grouting sleeve connection [8], etc. Peng et al. [9] studied
the performance of precast concrete shear walls using
mortar-sleeve connections. The results revealed that the
mortar-sleeve connection can effectively transfer the loads
between the shear walls. Xu et al. [10] studied the seismic
behavior of precast shear walls connected by single-row
grouted sleeves. The experimental results showed that
precast shear wall specimens were comparable to cast-in-
place shear wall specimens in terms of bearing capacity,
energy dissipation capacity and ductility. Zhi et al. [11]
compared the performance of prefabricated shear walls
connected by metal bellows grouted connections and cast-
in-place shear walls. The results show that the prefabri-
cated shear walls connected by metal bellows grouted
connections exhibit good load-bearing capacity and energy
dissipation capacity.

These studies [9—11] show that the grouting wet joint of
prefabricated shear walls can be comparable to the cast-in-
place connection to a certain extent, but this connection
method also has certain shortcomings. There is uncertainty
in grouting sleeve connections. During the grouting pro-
cess, the mortar was prone to backflow, resulting in par-
tially grouted or completely ungrouted sleeves, which
greatly affected the joint performance of the precast shear
walls [12]. Some scholars [13] studied the effect of sleeve
grouting defects on the seismic performance of prefabri-
cated shear walls, showing that grouting sleeve defects
seriously affect the load-bearing capacity of shear wall
structures.

The dry joint is also an important part of the prefabri-
cated structure connection. Dry joints of the precast shear
wall (especially bolted connections) are easy to install and
save a lot of manpower and material resources, which
makes it attractive in practice. Some scholars have also
done some research which is about the dry joint of pre-
fabricated shear walls. The dry joint of prefabricated shear
walls includes bolted connection [14, 15], welded con-
nection [16, 17], etc. El Semelawy et al. [18, 19] presented
an innovative prefabricated wall connection technique
using threaded steel anchor bolts and conducted experi-
ments on four scaled-down models, which showed good
ductility of the connection. Guo et al. [20] investigated the
seismic performance of precast shear walls connected by
high-strength bolts, showing that precast shear walls with
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this type of dry connection exhibited good energy dissi-
pation capacity and seismic ductility. Li et al. [21] inves-
tigated four scaled-down prefabricated shear wall models
connected by the bolt-plate connection The results show
that the load-carrying capacity of the precast shear walls
using this new dry connection is comparable to that of cast-
in-place shear walls. Han et al [22] proposed a method of
steel plate bolt connection for prefabricated shear walls and
conducted experimental research on five shear wall speci-
mens. The experimental results show that this connection
method can provide effective strength and stiffness for the
shear wall system. Based on Han’s research, Naserpour
et al. [23] further proposed a shear wall assembled from
slender walls, and the research shows that this kind of shear
wall has higher ductility.

Different dry connection methods reflect different con-
nection performances. Based on the above research
[18-23], it can be found that the reasonable dry joint of the
shear wall can effectively transmit vertical force, shear
force and bending moment between shear walls, and that
the seismic performance of prefabricated shear walls can
be similar to that of cast-in-site components. However, the
above research also exposed a problem with dry joints.
These types of dry joints do not pay attention to the con-
nection of the reinforcing steels between the interconnected
prefabricated shear walls, which makes the integrity of the
connection of the components insufficient.

To address the drawbacks of existing joints and simplify
the composition of prefabricated joints, this study proposes
the sleeve and threaded rod connector (STRC) consisting
of a double sleeve connector, a threaded sleeve, and a high-
strength threaded rod. The details and specific composition
of the connector are shown in Fig. 1. During the fabrication
of precast components, the ends of the longitudinal con-
necting steel bars of the upper precast shear wall (PSW) are
threaded and connected to the double sleeve connectors via
threads. The double sleeve connectors are embedded in the
upper PSW and hand holes are reserved at the corre-
sponding positions in the wall. The ends of the longitudinal
connecting steel bars of the lower PSW are threaded and
connected to the threaded sleeves via threads. The threaded
sleeves are embedded in the lower PSW. When connecting
the PSW, one end of the high-strength threaded rod is
connected to the threaded sleeve of the lower PSW, the
other end passes through the reserved hole in the floor slab
and the non-threaded sleeve of the double sleeve connector,
and is fixed with a nut. Finally, the hand holes are filled
with mortar, completing the installation of the PSW. Three
specimens were tested under cyclic loading behavior, one
specimen connected by grouting sleeves and two speci-
mens connected by STRCs. This paper focuses on the
experimental phenomena, strength, energy dissipation
capacity, ductility, and stiffness degradation of the PSW
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Fig. 1 Sleeve and threaded rod connection: a Horizontal joint connection of shear wall; b Connection details

using the new joints. Furthermore, finite element analysis
was conducted on the PSWs connected by this novel dry
joint to investigate the influence of parameters such as axial
compression ratio and shear span ratio on the performance
of the novel PSW. Finally, the lateral bearing capacity
calculation formula of the PSW is proposed.

2 Experimental Program

To investigate the seismic performance of precast shear
walls(PSWs) using the STRC, three full-scale PSWs were
fabricated, including two prefabricated specimens con-
nected by the STRC and one prefabricated specimen con-
nected by grouted sleeves. The comparison of these three
specimens reflects two variables which are the type and the
number of connectors. During the test, the samples were
loaded with both vertical compression and horizontal
cyclic reciprocating loads, and corresponding data was
finally obtained through reasonable measurement methods.

2.1 Test Specimens

The specimen consists of an upper PSW, a lower PSW,
foundation beams and two floor slabs. The dimensions,
reinforcement arrangement, section details and connector
locations of the three specimens are given in Fig. 2. The
prefabricated shear wall is divided into two side con-
struction column parts and a middle part. The longitudinal
connecting steel bars of the construction column part form
the steel mesh of the construction column, and the position
of the connectors is determined according to the position of
the longitudinal connecting steel bars. The connectors in
the middle part are arranged in a uniformly distributed
manner. The vertical connecting bars are hot-rolled ribbed
third-grade threaded bars with a diameter of 16 mm. The
vertical non-connecting steel bars are hot-rolled ribbed

third-grade threaded steel bars with a diameter of 8 mm.
The specific distribution of steel bars is given in Fig. 2.

Three test specimens have the same design in terms of
dimension, but differ from each other in connection details.
The other component parameters are given in Table 1. The
number of connectors for both PWF1 and PWF2 is 12, but
the types of connectors are different. The type of connector
for specimen PWF1 is the grouted sleeve and the type of
connector for specimen PWF2 is the STRC. Specimens
PWEF2 and PWF3 have the same types of connectors, but
the number of connectors is different. The number of
connectors for specimen PWEF2 is 12, and the number of
connectors for specimen PWF3 is 10.

2.2 Material Properties

The concrete material properties tests were carried out on
three 150 mm x 150 mm x 150 mm cubes, following the
Chinese standard [24]. The compressive strength of con-
crete cubes f.., average compressive strength of concrete
cubes f,, the standard value for axial compressive strength
of concrete f, and design value of compressive strength of
axial cores f,. were obtained in accordance with the stan-
dard [25], and their specific values are shown in Table 2.
The filling material for the construction handholes and the
grout for the grout sleeves were similarly tested. The test
results show that the compressive strengths of the filling
mortar for the hand holes and the grout for the grout sleeve
after curing are 73 MPa and 110 MPa, respectively, which
meet the requirements of relevant specifications [26].
Material properties of reinforcement, double sleeve con-
nectors (Q235), and high-strength threaded rods were
obtained through experiments according to the Chinese
standard [27]. The specific values are shown in Table 3.

2
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Fig. 2 Design diagram of test specimens: a PW1; b PW2; ¢ PW3

Table 1 Parameters of the three specimens

Table 3 Material Properties of Steel Materials

Specimen parameter

Type of ~ Number Number of Ratio of
connector of construction reinforcement
connectors hand holes

PWF1 Grouting 12 - 0.88%
sleeve

PWF2 STRC 12 6 0.88%

PWF3 STRC 10 5 0.88%

Table 2 Compressive strength of concrete

Specimens  Grade f..(MPa) f., (MPa) f, MPa) f. (MPa)

CBl1 C30 322 34.2 22.87
CB2 C30 342 16.34
CB3 C30 35.7

2.3 Test Setup and Loading Procedure

The specimens with different connection details were tes-
ted on the reaction frame shown in Fig. 3. The lower beam

2
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Steel type  Diameter Modulus of  Average Average
(mm) elasticity Es  yield stress  ultimate
(GPa) fy (MPa) stress fy
(MPa)
HRB400 8 200 428.4 590.2
HRB400 16 200 416.6 573.8
Q235 - 206 2779 392.6
8.8 grade - 232 623 796
threaded
rod

of the specimen was held on the floor of the reaction frame
by the anchor bolts. Along the length of the lower beam, an
external force was applied to the lower beam by a jack on
one side, while the other side was blocked by a fixture to
restrain the specimen from sliding horizontally. The hori-
zontal low-cycle reciprocating load was applied using an
actuator of 2500 KN. The vertical force was loaded on top
of the test piece using a hydraulic jack of 1000 kN. Hori-
zontal sliding devices are installed at the top and bottom of
the hydraulic jacks to ensure that the vertical force on the
specimen is always vertically downward.
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Linear variable displacement transducers (LVDTs) were
used in the test to obtain data on horizontal displacement
and sliding of the upper PSW. The specimens were
equipped with four LVDTs, and their position distribution
is shown in Fig. 4. The LVDT-1 was located 1800 mm
from the underside of the upper PSW and measured the
displacement at the point where the horizontal load was
applied. The LVDT-2 was located 50mm from the under-
side of the upper PSW and measured the displacement of
the lower part of the upper PSW. The LVDT-3 was located
50 mm from the underside of the floor slab and measured
the displacement of the floor slab. The LVDT-4 was
located 250 mm from the underside of the lower beam and

LVDT-1 | —

1800

(b)

Fig. 3 Description of specimen test position: a Diagram of specimen testing; b Photograph of specimen testing

measured the slip between the ground and the lower beam.
The strain gauges measured the strain in the longitudinal
reinforcement, and their locations are given in Fig. 4.

In the test, a vertical axial force of 0.1f.A./1.2 was
applied through a jack first, f. is the design value for the
axial compressive strength of concrete, A. indicates the
value of the cross-sectional area of the wall, and the
applied vertical force is calculated to be 442kN. The hor-
izontal cyclic loads of the PSWs were then loaded
according to seismic test specification [28]. Before apply-
ing the horizontal load, it is necessary to perform a
preloading test on the specimen and observe the curve
shape to determine if there are any installation defects. If

LVDT-2
LVDT-3

a0
50,

LVDT-4
—

g

(@

y

(b)

Fig. 4 Layout diagram of measuring device: a Layout diagram of LVDTs; b Layout diagram of strain gauges
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the curve is normal, the horizontal load can be applied
formally. As illustrated in Fig. 5, the horizontal loading
scheme includes two phases: the force-controlled loading
phase and the displacement-controlled phase. The force-
controlled phase was to load step by step with a difference
of 20 kN, and Each load was loaded back and forth for one
cycle until the specimen cracked. In the displacement-
controlled phase, the displacement of the cracking point of
the specimen is measured as the difference between the two
steps. The loading process is carried out step by step, and
the displacement of each level is reciprocated for three
cycles, until the specimen’s bearing capacity decreases to
85% of the peak bearing capacity. At this point, the test is
considered complete.

3 Experimental Results and Discussion
3.1 Crack Distribution and Failure Modes

The distributions of cracks for each PSW are illustrated in
Fig. 6. When the horizontal load reaches 180 kN, the dis-
placement of specimen PWF1 measured by LVDTI is 6
mm. At this load level, the first crack appears, positioned
300 mm above the bottom of the upper PSW, marking the
initiation of the cracking phase. As the test progresses,
minor cracks start to appear on the lower side of the upper
PSW and the upper side of the lower PSW. These cracks
gradually extend diagonally at a 45° angle, with their width
continuously increasing. When the displacement of the
PWF1 exceeds 24 mm, the horizontal joint between the
floor slab and the upper PSW cracks, and the width
increases continuously. Additionally, the concrete on the
upper two corners of the lower PSW is severely cracked.
When the displacement reaches 5 times the cracking dis-
placement and the displacement of the upper PSW reaches
30 mm, the width of the horizontal joint between the floor
slab and the upper PSW further increases, and the concrete

200 5 r 60
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1604 control

Displacement
control

40

120 — -

Mk LA
ol VY

ST

-120

F/KN
A/mm

- —40
—-160

Step
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Fig. 5 Loading scheme
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starts to detach from the upper two corners of the lower
PSW. The bearing capacity of PWF1 decreases to 85% of
its maximum bearing capacity, marking the end of this test.

When the horizontal load reaches 220 kN, the dis-
placement of specimen PWF2 measured by LVDTI1 is
8mm. At this load level, small cracks emerge on the edges
of the construction hand holes located on the right and left
sides of the upper PSW, marking the initiation of the
cracking phase. As the PWF1 specimen test progresses,
additional small cracks appear sequentially on the lower
side of the upper PSW, along the right and left sides of the
floor, and on the upper side of the lower PSW. These
cracks propagate downward at a 45° angle. When the
displacement exceeds 32 mm, the concrete on the left side
of the floor slab becomes crushed and falls off, exposing
the connected threaded rod on the edge of PWF2. When the
displacement of the PWF2 reaches 40 mm, the concrete at
the two corners of the lower side of the upper PSW is
crushed and detached. Subsequently, the bearing capacity
of PWF2 decreases to 85% of its peak bearing capacity,
marking the end of this test.

When the horizontal force reaches 180 kN, the dis-
placement of specimen PWF3 measured by LVDTI1 is
6mm. At this load level, small cracks appear on the edges
of the construction hand holes located on the right and left
sides of the upper PSW, as well as near the horizontal joint
between the floor slab and the upper PSW, indicating the
onset of the cracking stage. As the displacement increases,
tiny cracks appear successively in the lower part of the
upper PSW, on both sides of the floor slab, and on the
upper side of the lower PSW. Most of these cracks prop-
agate downward at a 45° inclination. When the displace-
ment approaches 24 mm, the concrete at the two corners of
the lower side of the upper wall is crushed and falls off,
exposing some STRCs. When the displacement of the
specimen reaches 30 mm, the concrete on the left side of
the lower PSW is crushed and detached. Subsequently, the
bearing capacity of PWF3 decreases to 85% of its maxi-
mum bearing capacity, marking the end of this test.

As shown in Fig. 6, the damage patterns of PWF1-
PWF3 are essentially the same. The steel bars on the right
and left sides of the upper PSW yield in tension. Some
cracks are present below half of the height of the upper
wall and in the lower wall area, while the concrete near the
horizontal joint is crushed and falls off. Different from
PWFI, the cracks in PWF2 and PWF3 initially appear at
the construction hand holes of the upper wall, and they
gradually propagate during the later stage, leading to the
crushing and spalling of concrete at the left and right
corners of the upper PSW, and exposing the side connec-
tors. PWF1 is cracked at the horizontal joints and the
cracks at the end of the floor slab and at the lower PSW
develop gradually, resulting in crushed concrete spalling at
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Fig. 6 Failure phenomenon and crack distribution of PWF1-PWF3: a PWF1; b PWF2; ¢ PWEF3

the end of the floor slab and at the right and left sides of the
lower PSW.

Figure 7d, e respectively show the failure conditions of
the leftmost STRC of specimens PWF2 and PWF3 after the
experiment. The lower threaded rod of the STRC connector
of PWF2 showed slight bending, while the upper con-
necting steel bar showed a slight bending and necking
phenomenon. The upper connecting steel bar of the STRC
connector of PWF3 only showed a slight necking phe-
nomenon. In summary, the ductile deformation occurred in

(a) (b)

Fig. 7 Failure conditions of connector: a The leftmost connector of
PWEF2; b The leftmost connector of PWF3.

the STRC connectors of both PWF2 and PWF3, and no
brittle failure occurred. This indicates that the reliability of
STRC is high, and the connection meets the actual
requirements of engineering.

3.2 Hysteresis Curves and Envelope Curves

As given in Fig. 8, the hysteresis curve of PWF1 connected
by the grouting sleeve is plump. As the load approaches its
peak, the load-carrying capacity decreases rapidly as the
test continues. The hysteresis curve of PWF2 demonstrates
a similar level of plumpness as PWFI, indicating that
PWF2 possesses good energy dissipation capability. After
PWE2 yields, the hysteresis curve does not show obvious
shrinkage as the displacement increases, and its shape is
bow-shaped. As the load-carrying capacity of specimen
PWE2 approaches its peak, its bearing capacity is main-
tained or slowly decreases with increasing loading dis-
placement. Compared with PWF2, the plumpness of
specimen PWF3 was similar. However, the pinch phe-
nomenon of the hysteresis curve of PWF3 is obvious,
indicating that there is a certain relative sliding between the
floor slab and the upper wall of specimen PWF3. This
slight slippage is mainly due to the fewer number of con-
nection nodes. After PWF3 reaches its peak load, its
bearing capacity decreases slowly with the increase in
displacement, indicating that it has stable structural per-
formance and will not undergo brittle failure.

The envelope curves of PWF1-PWF3 before yielding
are basically the same, showing that the initial stiffness of

2

% @ Springer




International Journal of Civil Engineering

0 (rad)
-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02
600 T T T T T T 600
500 -4 500
400 4400
300 -4 300
200 4 200
Z ~
< 100 1100 Z
8 o 0 o
3 2
=-100 | {-100 8
200 1 200
300 4-300
-400 .
-500 4 -500
_600 1 1 1 1 1 1 1 1 1 1 1 1 _600
42 -36 -30 -24 -18-12 -6 0 6 12 18 24 30 36 42
A (mm)
(a)
O(rad)
-0.02 -0.015 -0.01 -0.005 O 0.005 0.01 0.015 0.02
600 T T T T T T 600
500 4 500
400 | 4400
300 | 4300
200 [ -4 200
Z 100 | {100 Z
) <
5 0 ° 3
5 5
S -100 | 4-100 8
-200 -1 -200
-300 | 1-300
-400 1 -400
=00k —PWF3 ] 500
_600 1 1 1 1 1 1 1 1 1 1 _600
-36 -30 -24 -18 -12 -6 0 6 12 18 24 30 36
A(mm)
(©

O(rad)
-0.02 -0.01 0 0.01 0.02
600 T T T T 600
500 4500
400 | -1 400
300 F 4300
200 4200
Z 100 | {100 &
£ ]
g 0 0 3
©-100 4-100 2
200 | 4{-200
300 | 4{-300
-400 | N -400
-500 | 4 -500
_600 1 1 1 1 1 1 1 1 1 1 _600
48 40 32 24 -16 -8 0 8 16 24 32 40 48
A(mm)
(b)
0 (rad)
0.02  -0.01 0 0.01 0.02
600 T T T T 600
500 F 4500
400 F 4400
300 F 4300
200 F 4200
Z 100 | {100 &
£ £
2 0 .
© -100 - 4-100 2
200 | 4-200
2300 F —=— PWF1 -4 -300
400 [ e PWEZ 1 400
—a—PWF3
-500 | 4-500
_600 1 1 1 1 1 1 1 1 _600
50 -40 -30 20 -10 O 10 20 30 40 50
A(mm)
(d)

Fig. 8 Hysteresis curves and envelope curves a Hysteresis curve of PWF1; b Hysteresis curve of PWF2; ¢ Hysteresis curve of PWF3; d Envelope

curve of the test specimen

PWFI1-PWEF3 is essentially identical, but the displacement
of PWF?2 at yield is larger than that of PWF1 and PWF3.
After the specimen yields, the ultimate load values of
PWF1 and PWF2 are similar, but the displacement of
PWF2 when the ultimate load is obtained is larger than that
of PWFI1. After the specimens reached the peak load, the
load-carrying capacity of PWF2 and PWF3 decreased
slowly, and the load-carrying capacity of PWF1 decreased
rapidly.

2
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3.3 Bearing Capacity

Table 4 presents the pertinent data concerning the load-
carrying capacity of PWF1-PWF3. The yield point of each
specimen is determined using the equivalent elastic-plastic
energy method. The ultimate failure load (F,) is defined as
85% of the peak load (F),), while the yield load of the
member is denoted by F),.

The peak load of PWF1 connected by grouting sleeves
and PWF2 connected by STRCs is similar, about 450kN.
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Table 4 Test results

Specimen PWF1 PWE2 PWF3

Direction + — Av + — Av + - Av

F /KN 180.73 180.89 180.81 220.53 221.033 220.78 179.32 180.31 179.81
Fy/kN 387.55 366.85 377.20 361.23 35791 359.57 317.69 328.80 323.25
F,/kN 468.38 436.64 452.51 468.33 437.90 453.12 394.68 353.13 373.91
A /mm 6.01 7.04 6.525 7.26 8.70 7.98 6.10 7.67 6.89
0cr/ % 0.33 0.39 0.36 0.40 0.48 0.44 0.34 0.43 0.39
Ay/mm 13.29 14.42 13.86 15.46 16.23 15.85 11.82 12.69 12.26
0y/% 0.74 0.86 0.80 0.86 0.90 0.88 0.66 0.71 0.69
4,/mm 21.10 24.01 22.56 2391 40.04 31.98 18.03 18.04 18.04
0,/ % 1.17 1.33 1.25 1.33 2.24 1.79 1.00 1.00 1.00
A, /mm 28.12 30.03 29.18 36.19 40.22 38.20 27.39 29.80 28.60
0./% 1.57 1.67 1.62 2.01 2.23 2.12 1.52 1.66 1.59
u 2.12 2.08 2.10 2.34 2.48 241 2.32 2.35 2.34

This shows that the connection effect of the STRC is
similar to that of the grouting sleeve connector, and the
STRC can effectively connect the PSWs and transmit the
shear force and bending moment between PSWs. Com-
pared with specimen PWF2, the peak load of PWF3 is
reduced by about 17.5%. This indicates that determining
the appropriate quantity of STRC has a significant influ-
ence on the load-carrying capacity of the PSW.

3.4 Ductility

The yield displacement Ay, yield displacement angle 0,,
peak displacement A4, peak displacement angle 0, ulti-
mate displacement A4, ultimate displacement angle 6, and
displacement ductility ratio y of PWF1-PWF3 are given in
Table 4.

In terms of the ultimate displacement angle, PWF2 has a
larger ultimate displacement angle than PWF1 and PWF3.
The ultimate displacement angles of PWF1 and PWF3 are
similar and are about 1.6%. According to the data provided
in Table 4, all the specimens exhibit displacement ductility
ratios exceeding 2. The displacement ductility ratios of
PWF2 and PWF3 are both larger than that of the specimen
PWF1, showing that the PSWs connected with STRCs
have nice deformation ability, and their ductility is better
than that of PSW connected by the grouting sleeve.

(Note: The displacement ductility ratios of PWF1-PWEF3
are generally small, which is due to the following reasons.
(1) The height of the upper wall is less than the height of a
complete PSW, which leads to the fact that the height of
the horizontal load loading point is much smaller than the
height of a complete PSW, and the shear span is relatively
small, resulting in a small displacement ductility ratio. (2)

The floor slab is added between the PSWs. The floor slab is
easily damaged by compression, which causes the ultimate
failure displacement of the specimens to be small, resulting
in a small ductility coefficient.)

3.5 Stiffness Degradation and Strength
Degradation

The specimens’ stiffness degradation coefficients and
strength degradation coefficients are calculated using for-
mulae (1) and (2). The load values for the positive and
negative peak points of the ith cycle are respectively rep-
resented as +F; and -F;. The displacement values for the
positive and negative peak points of the ith cycle are
respectively represented as +X; and -X;. The load value at
the peak point of the ith cycle when the jth level load is
loaded is denoted by F ji. The load value at the peak point of
the (i-1)th cycle when the jth level load is loaded is denoted
by F/"'.

_:|+Fi‘+|—Fi‘ (1)
CHX| + X
Fi
)L[:Fiil (2)
J

Figure 9a displays the stiffness degradation curves of
PWF1-PWF3. Compared with PWF1, the stiffness degra-
dation of PWF2 and PWF3 is continuous and uniform, and
the trends are stable, showing that specimens connected
with the STRC have stable mechanical performance.
Compared with PWF3, the stiffness degradation rate of
PWE2 is higher. This is because the number of longitudinal
connecting bars of PWF2 is larger than that of PWF3,

2
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Fig. 9 Stiffness degradation curves and Strength degradation curves

—=—PWF1
—e—PWF2

Energy dissipation(kNxm)

0 8 16 24 32 40 48
A (mm)

Fig. 10 Energy dissipation of PWF1-PWF3

which makes the initial stiffness of PWF2 larger. However,
PWF2 and PWF3 have similar stiffness at the ultimate
failure load.

Figure 9b displays the strength degradation curves of
PWFI1-PWF3. PWF2 and PWF3 have a small variation
range of positive and negative strength degradation, and are
relatively symmetrical, indicating that the positive and
negative strength performance of the specimens connected
by STRC:s is stable. When the last two levels of load were
applied, the forward strength of the specimen PWF1
degraded rapidly. This is because in the last two stages, the
horizontal crack in the specimen PWF1 widened severely,
resulting in the faster degradation of PWF1’s forward
strength.

2
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Fig. 11 Example of load-displacement hysteresis curve [28]
3.6 Energy Dissipation Capacity

The curve depicted in Fig. 10 illustrates the energy dissi-
pation of PWF1-PWEF3 at various levels of the horizontal
loading displacement. As the displacement increases, each
specimen’s ability to dissipate energy rises gradually. Prior
to reaching the yielding displacement, the curves of PWF1-
PWE3 overlap. After the yield point, however, the plastic
deformation capacity of PWF3 increases, leading to a faster
rate of energy dissipation and a gradual deviation of its
curve from the others. Once PWF3 reaches its peak load,
the energy dissipation gradually decreases. Although the
energy dissipation curves of PWF1 and PWF3 are similar,
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Table 5 Energy dissipation factor E of specimens

specimen Cracking load Yielding load Ultimate
phase phase load
PWF1 0.20 0.42 0.74
PWF2 0.20 0.44 0.71
PWEF3 0.22 0.40 0.71

the greater deformation capacity of PWF2 allows its energy
dissipation curve to continue increasing after PWFI
reaches its ultimate failure displacement.

A specimen’s energy dissipation capacity can be eval-
uated by the energy dissipation factor E[28]. The energy
dissipation factor E is obtained from formula (3). In for-
mula (3), Sapcicpa) 1s the area inside the load-displace-
ment curve given in Fig. 11, and S,ope+opr) 1 the sum of
the areas of the triangles OBE and ODF shown in Fig. 11.

S
| — 2(ABC+CDA) (3)

S(0BE+0DF)

Table 5 shows that the energy dissipation factors of
PWFI1-PWF3 at each stage are basically the same, illus-
trating the energy dissipation capacity of PSW connected
by STRCs is similar to that of PSW connected by grouted
sleeves.

4 Finite Element Analysis
4.1 Finite Element(FE) Modeling

Figure 12 shows the model of PSW connected by the
STRC, established using Abaqus software. The PSW,

Fig. 12 Finite element model of specimens

foundation beam and double sleeve connector are modeled
using eight-node reduced integration hexahedral solid ele-
ments (C3D8R). The steel reinforcement and threaded rods
are modeled using two-node three-dimensional truss ele-
ments (T3D2). The mesh size of the PSW, floor slabs, and
foundation beam is 50mm, while the mesh size of the
double sleeve connectors and nuts is 8mm. The mesh size
of the steel reinforcement and threaded rods is 50mm.

The concrete material properties are simulated using the
Concrete Damage Plasticity (CDP) model, with compres-
sive and tensile parameters of concrete determined in
accordance with the standard GB50010-2010 [25]. This
model can effectively simulate the damage of the PSW.
Steel reinforcement and other steel materials are simulated
using a bilinear model.

Steel reinforcement and connectors are embedded in
concrete. The contact between PSW and the floor slab is
simulated using a surface-to-surface contact approach. In
the tangential direction, the friction model is employed
with a friction coefficient set to 0.3, while a hard contact
model is utilized in the normal direction. The boundary
conditions of the model are the displacement constraints of
the x, y, and z axes of the base of the restrained beam.

In the reference. [29], the skeleton curves obtained by
the monotonic loading method for the same samples are
similar in shape to those obtained by cyclic loading tests.
Although some index values are slightly different, their
changing trends are the same, and the simulation conver-
gence of the monotonic loading is better. Therefore, to
reduce the computational cost and achieve better simula-
tion convergence, monotonic loading was used in the
simulation in this paper.

4.2 Verification of FE Model

The FE models of PWF2 and PWF3 were constructed, and
the skeleton curves obtained from the simulations were
compared with those obtained from the experiments, as
illustrated in Fig. 13. Upon analysis of the figure, it can be
observed that the peak bearing capacity derived from the
simulated component closely matches the peak bearing
capacity obtained from the experimental test. However, it
is worth noting that the simulated components exhibit a
higher initial stiffness compared to the experimental
results. One plausible explanation for this discrepancy is
that the material properties and conditions simulated in the
model are idealized, while experiments may encompass
uncertainties and potential errors, particularly during con-
crete placement and reinforcement procedures.

The simulated failure of specimens PWF2 and PWF3
exhibited similar characteristics; therefore, the discussion
will focus solely on the simulated failure of PWF2. Fig. 14
illustrates the simulated compressive damage of PWF2. As

2
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Fig. 13 Comparison of displacement-force curves of FE simulations and test results
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Fig. 14 The simulation failure mode of PWF2

observed in the figure, the crack initially emerges at the
corner of the lower PSW, gradually propagating to form a
damaged area. The edge of the damaged region forms a 45°
angle with the horizontal direction. Meanwhile, during the
crack development in the lower PSW, the upper PSW
gradually forms an inclined damaged region at a 45° angle
relative to the horizontal direction. Notably, the simulation
successfully replicates the failure zone at the corner of the

@ x!,} @ Springer

Table 6 Comparison of peak lateral shear forces

Type Peak lateral shear capacity, Vmax (kN) Gap (%)
Test(Av) simulation

PWF2 453.12 423.53 6.5%

PWE3 373.91 362.42 3.1%

PSW and the edge of the floor, which corresponds to the
failure zone depicted in Fig. 6 of the experimental results.

As summarized in Table 6, the discrepancy between the
simulated and experimental bearing capacities of the
specimens is less than 15%. Furthermore, the failure modes
observed in the simulation of PWF2 closely align with the
experimental observations. Hence, the model can be
regarded as calibrated and serves as a means to validate the
accuracy of the experimental results.

4.3 Parametric Analysis

PSWs are subjected to both horizontal and vertical loads in
practical applications. The shear span ratio is closely
related to the point of application of the horizontal load,
while the axial compression ratio is related to the magni-
tude of the vertical load. Therefore, the axial compression
ratio and the shear span ratio are important parameters that
affect the seismic properties of PSWs. According to the
above modeling methods, parametric analysis of PSWs
connected by STRCs was carried out by taking sample
PWE2 as the reference, and using the axial compression
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Fig. 15 Comparison of simulation results for specimens with different
axial compression ratios

Table 7 Comparison of peak loads on specimen PWF2 with different
axial compression ratios

n=01 n=015 n=02 n=03 n=04
Vimax (KN)  423.53 439.62 472.67 512.27 507.94
A, (mm) 26.00 25.25 21.59 16.60 12.29

Vmax is the peak lateral shear capacity of PWF2, and Av is the
displacement at which the peak lateral shear capacity is achieved

ratio and the shear span ratio as the variable parameters.
PWF2-n-A means the simulated component obtained under
the condition that the axial compressive ratio is n and the
shear span ratio is A.

4.3.1 Axial Compression Ratio

By conducting parametric analysis, the performance of
sample PWF2 was obtained at different axial compression
ratios, which were 0.15, 0.2, 0.3, and 0.4, respectively.
As shown in Fig. 15 and Table 7, the bearing capacity of
PWF2-0.2-1.09 is 13.30% higher than that of PWF2-0.1-
1.09, while the bearing capacity of PWF2-0.3-1.09 is
22.79% higher than that of PWF2-0.1-1.09. These findings
unequivocally demonstrate a significant increase in the
bearing capacity of PWF2 with an increment of the axial
compression ratio. However, as the axial compression ratio
rises, there is a gradual reduction in the displacement at the
peak load of the specimens. Compared to PWF2-0.1-1.09,
the displacement at peak load of PWF2-0.2-1.09 decreased
by 16.96%, while PWF2-0.3-1.09 exhibited a reduction in
displacement of 36.15% at peak load. This indicates that as
the axial compression ratio rises, the stiffness of the

specimen gradually increases. The bearing capacity of
PWF2-0.4-1.09 is similar to that of PWF2-0.3-1.09, illus-
trating that the bearing capacity of the PSW connected by
STRCs will not increase further as the axial compression
ratio exceeds 0.4. Therefore, it is suggested that PSWs
connected by STRCs should be used with an axial com-
pression ratio no greater than 0.3.

Figure 16 shows the compressive damage of PWF2 with
different axial compression ratios. With the increase of
axial compression ratio, the damage area of the upper PSW
gradually decreases, but the damage area of each specimen
develops obliquely first and then gradually changes to
vertically. This indicates that the failure mode has not
changed and is still the shear-compression failure. The
compressed damage area of the lower PSW gradually
increases, indicating that as the axial compression ratio
rises, the width of the compressed area of the horizontal
section of the PSW gradually increases, providing verifi-
cation for subsequent theoretical calculations.

4.3.2 Shear Span Ratio

By conducting parametric analysis, the performance of
specimen PWF2 at shear span ratios of 1.09, 1.34, 1.61,
and 1.82 was obtained. As shown in Fig. 17 and Table 8,
the bearing capacity of PWF2-0.1-1.34 is 15.98% lower
than that of PWF2-0.1-1.09, the bearing capacity of PWF2-
0.1-1.61 is 25.29% lower than that of PWF2-0.1-1.09, and
the bearing capacity of PWF2-0.1-1.82 is 33.11% lower
than that of PWF2-0.1-1.09. This indicates that as the shear
span ratio rises, the loading-carrying capacity of the
specimen significantly decreases. However, the displace-
ment gradually increases as the peak load is reached.
Compared to PWF2-0.1-1.09, the displacement of PWF2-
0.1-1.34 at peak load increases by 11.58%, the displace-
ment of PWF2-0.1-1.61 at peak load increases by 25.08%,
and the displacement of PWF2-0.1-1.82 at peak load
increases by 38.50%. As the shear span ratio rises, the
deformation capacity of the specimen gradually increases,
which improves the ductility of the specimen to some
extent. The peak bearing capacity and displacement at the
peak load of the specimen exhibit a stable trend as the
shear span ratio varies, indicating that the PSWS connected
by STRCs have stable performance in practical engineering
applications.

Figure 18 shows the compressive damage of the speci-
mens at various shear span ratios. From the figure, it is
observed that as the shear span ratio rises, the degree of
damage to the upper shear wall gradually diminishes, the
damaged area of the right corner of the lower PSW grad-
ually reduces, and the position of the embedded connector
on the tensile side of the upper PSW is damaged. This
indicates that as the shear span ratio rises, the shear force

2
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Fig. 16 The compressive damage of PWF2 with different axial compression ratios
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Fig. 17 Comparison of simulation results for specimens with different
shear span ratios

Table 8 Comparison of peak loads on specimen PWF2 with different
shear span ratios

A=109 A=134 A=161 =18
Vo RN) 42353 350.53 311.66 279.06
A, (mm) 26.00 29.01 32.52 36.01

borne by the PSW progressively declines, and the bending
effect on the PSW increases. This reflects the trend of the
PSW failure mode changing from shear-compression fail-
ure to bending failure.

5 Lateral Loading Capacity

The calculation method used in this study made some
adjustments based on the design method in the Specifica-
tion [30], by introducing a bending adjustment coefficient
A;. The calculation model for the lateral loading capacity of
PSW connected by STRCs is illustrated in Fig. 19. The

@ x!,k @ Springer

lateral loading capacity calculation formulas are shown in
equations (4-13).

when x > 2a,’, the area of the compressive zone of
concrete is large, and the tensile action of the distributed
steel reinforcement is relatively small. Therefore, the ten-
sile effect of the distributed steel reinforcement is not
considered.

N = A;f; — Ago5 + N, 4)
Iy
M +N<hw0 - ?) = A;fy{(hwo - alg) + M. (5)
M
Fy, = 7 (6)
NC = O(]fcwa (7)
X
M. = OClfcwa<hw() - E) (8)
£y 2d, <x<ephuo
= : x 9
o=t b (10)
Egécu

When x < 2a,/, the area of the compressive zone of
concrete is small, and the tensile effect of the distributed
steel reinforcement is significant. To take into account the
tensile effect of the distributed steel reinforcement, a
bending adjustment coefficient p; is introduced. Eq. (5) is
replaced by Eq. (11) for calculation.

hy, -
hwi
= 12
Pi th — dg ( )
M; = fiAsihili (13)

N represents the vertical load applied to the prestressed
wall; A and A’ represent the cross-sectional areas of the
tensile steel reinforcement and the compression steel
reinforcement, respectively; f, and f,/ represent the yield
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Fig. 19 Calculation model of lateral loading capacity

Table 9 Comparison of test/simulated values with calculated values
of specimens

specimen n A F,/kN Fg /KN (Fy,-F),) IF,
PWF2 0.1 1.09 453.12  451.19 -0.46%
PWF3 0.1 1.09 37391 417.85 11.75%
PWF2-0.1-1.09 0.1 1.09 41580 451.19 8.51%
PWF2-0.15-1.09 0.15 1.09 439.62 491.88 11.89%
PWF2-0.2-1.09 0.2 1.09 472.67 531.70  12.79%
PWF2-0.3-1.09 0.3 1.09 51227 610.88 19.25%
PWEF2-0.1-1.34 0.1 1.34  350.53 36935 537%
PWF2-0.1-1.61 0.1 1.61 311.66 312,63 0.31%
PWF2-0.1-1.82 0.1 1.82  279.06 271.02 -2.88%

n is the axial compression ratio, A is the shear span ratio, F), is the
experimental or simulated value, and Fj, is the formula calculated
value

strengths of steel reinforcement in tension and compres-
sion, respectively.; o; is the stress coefficient of the
equivalent rectangular stress block; f. denotes the design
value of the axial compressive strength of concrete[24]; x
denotes the height of the compressed zone of concrete, A,
is the effective height of the PSW section, &,y = h,,_a,’;
h,, is the height of the PSW section; a, and a;’ represent the
distances from the centroid of the tensile steel reinforce-
ment region and the compressive steel reinforcement
region to the edges of the PSW cross-section, respectively;
b,, is the width of the PSW; E; is the elastic modulus of
concrete; &, denotes boundary relative height of compres-
sion zone.

Table 9 presents a comparison of the test/simulated
values of the lateral loading capacity with the calculated
values of the lateral loading capacity for PSW. The pro-
posed formula tends to overestimate the lateral loading
capacity of the PSW when the axial compression ratio is
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relatively large, while it provides accurate results when the
axial compression ratio is relatively small. For specimens
with different shear span ratios, the proposed formula
provides accurate results. The calculation results have a
high correlation with most of the test/simulation results,
with errors of most specimens within 15%. Therefore, the
calculation method can be used to evaluate the lateral
loading capacity of PSW connected by STRC.

Based on the experimental results and finite element
simulation results, the lateral bearing capacity calculation
formula refers to the existing standard formula, discusses
the two different stress states of the PSW, and effectively
predicts the lateral bearing capacity of the PSW by intro-
ducing the distributed reinforcement bending moment
adjustment coefficient, providing a reference for the design
of subsequent new PSWs. From the perspective of finite
element simulation results and lateral bearing capacity
calculation, when the axial compression ratio of this new
type of PSW exceeds 0.3, the bearing capacity no longer
rises, but the displacement of the peak load gradually
decreases. Therefore, the recommended axial compression
ratio of this new type of PSW does not exceed 0.3. As the
shear span ratio increases, the bearing capacity of the
specimen gradually decreases, so the recommended shear
span ratio does not exceed 1.61.

6 Conclusion

Three PSW specimens were tested under cyclic loading,
one connected by grouted sleeve connectors and two con-
nected by STRCs. The performance of the PSWs was
evaluated in terms of failure mode, load-carrying capacity,
stiffness, energy dissipation, and ductility. Additionally,
the influence of parameters such as axial compression ratio
and shear span ratio on the performance of PSWs was
investigated through FE simulations. Finally, a novel cal-
culation method for the lateral loading capacity of this type
of PSW was proposed. The conclusions derived from this
study are as follows:

1. The prefabricated PSWs connected by STRCs exhib-
ited similar load-carrying capacity to the PSWs con-
nected by grouted sleeve connectors. The average peak
load in both positive and negative directions for PWF1
and PWF2 was approximately 450 kN, indicating
minimal differences in load capacity. Furthermore, the
threaded rod connectors showed no significant signs of
damage or failure. The STRC is capable of effectively
transferring loads between PSWs and can serve as a
reliable connection for PSWs.

2. PSWs connected by STRCs exhibit good energy
dissipation capacity and ductility. The energy dissipation
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capacity of PSWs connected by STRCs is similar to that
of PSWs connected by grouting sleeves, but PSWs
connected by STRC demonstrate better ductility and
deformation capacity. These findings indicate that PSWs
connected by STRCs possess good seismic performance.
3. The enhancement of the axial compression ratio
results in increased load-carrying capacity and stiffness
for PSW connected by STRC. However, as the axial
compression ratio rises, the ductility of the PSW
gradually diminishes. When the axial compression ratio
exceeds 0.3, the bearing capacity of the PSW no longer
increases. Based on the parameter analysis results, it is
advisable to maintain the axial compression ratio within
the range of 0.2 to 0.3 and avoid exceeding 0.4.

4. As the shear span ratio increases, the deformation
capacity of the PSW gradually increases while its
bearing capacity decreases. As the shear span ratio rises,
the failure mode of PSW exhibits a trend transitioning
from shear-compression failure to bending failure.

5. The lateral loading capacity calculation method
proposed in this paper can predict the lateral loading
capacity of this new type of PSW with a relatively high
degree of accuracy, providing a foundation for subse-
quent research on PSWs.
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